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STUDIES ON THE CHARACTERIZATION AND REACTIVITY OF SUPPORTED PALLADIUM CATALYSTS FOR HYDROGENATION AND REDUCTIVE AMINATION OF PHENOL

Introduction:

	Precious metals (Pt, Pd, Au, Rh) are important materials that have been found many applications in the chemical industry. Palladium is perhaps the most studied catalytic systems because palladium is the most promising metal for the high activity. For example, supported palladium catalysts are used in industry for the hydrogenation reactions, automotive exhaust catalyst, methanol decomposition, combustion of methane, methane steam reforming, partial oxidation of methanol and methane, deNOx reactions, CO oxidation and hydrogenation, oxidation of alcohols to aldehydes and ketones, hydrodechlorination of halogenated compounds, condensation of aldehydes, synthesis of aniline from phenol etc,. And also the zeolite supported palladium catalysts are widely used in the shape selective and enantio selective reactions. With most catalyzed reactions the combined chemical properties of the active phase and support bring about the catalytic functionality. But even when support material only serves as a vehicle for keeping the catalytically active species supported, these species have to interact some degree and in some way with the support. And due to these interactions, which nature still often unknown, the catalytic performance strongly depends on a complex mix-up of contributions of the morphology and dispersion of active particles and, with metal catalysts, with the electronic properties of the metal.
In the field of fine chemicals synthesis, palladium is arguably the most versatile and the most widely applied catalytic metal. The surface structure and reactivity of supported palladium catalysts are entirely different from the unsupported or bulk Pd. The bulk palladium cannot generally be used in industrial processes as they impart very expensive, poor thermal stability and mechanical strength and lead to faster deactivation of the catalyst. The most commonly employed supports for palladium is Al2O3, SiO2, MgO, and TiO2. The disadvantages of these supports are low surface area, high surface acidity or basicity, and low volume activity, poor mechanical strength and phase transition at higher temperatures making them unsuitable for industrial applications. The use of mixed oxides, high surface area supports (large pore structure) and inert support can overcome these problems. The judicial choice of support is critical in designing a supported catalytic system with the desired activity and selectivity. The acid-base or electrophilic/electrophobic properties of catalysts and oxidation state of metal play a pivotal role on the activity as reported in methane combustion over supported palladium catalysts. The use a support to disperse a catalytically active metal phase is not only of economic benefit (lower preparation costs/longer productive lifetime) but the substrate can also influence catalyst performance through electronic interactions between the active Pd phase and the support. 
The role of palladium and nature of support in phenol hydrogenation and reductive amination has not yet been the subject of a comprehensive study. In this thesis, we have focused on supported Pd catalytic system using various supports such as MgO, γ-Al2O3, calcined Mg-Al hydrotalcite (CHT), CeO2, CeO2-ZrO2, ZrO2, SiO2, MCM-41, SBA-15 and activated carbon. In spite of the intensive research on the supported Pd catalytic system, still there is a lack of argument results such as the mechanism of the catalytic process, the structure-sensitive character of the reaction and the nature of the active palladium species. According to survey of literature one group say that basic supports are found to favor the phenol conversion and selectivity to cyclohexanone and other say acidic support enhance the selectivity to cyclohexanone. The structure activity-relationship is also a major factor for the hydrogenation and reductive amination reactions to develop an efficient catalytic system. According to the literature, still it is debatable questions whether supported palladium catalysts phenol activity is a structure-sensitive or structure-insensitive nature. There are no reports available on the change of acid-base properties of the catalysts as a function of palladium loading. In conclusions, these differences arise from the strong dependency of the palladium catalyst activity on the support.

Objective of the present work
	The supported palladium catalysts are widely investigated because of their industrial applications in various processes. A fundamental problem in hydrogenation and reductive amination reactions is the estimation of number of active sites and nature of active phase on the surface of the support.  Although this remains a challenge for metallic catalysts as well, considerable progress has been made for metals in the determination of the quantity of surface palladium atoms and nature of active Pd phase. The determination of dispersion of palladium on the supported oxides has been an interesting topic of research in recent years. Several authors reported recently that the dispersion of palladium was found to influence the activity and selectivity during hydrogenation and other reactions. The characterization techniques like electron spectroscopy for chemical analysis (ESCA), UV-Vis diffused reflectance spectroscopy (UV-DRS), temperature programmed reduction (TPR), and CO chemisorption has been used for the estimation of Pd dispersion on supports. The catalytic properties were evaluated for the vapor phase hydrogenation and reductive amination of phenol to cyclohexanone and aniline and correlated with dispersion and basic properties of the catalysts

Aim and scope of the work
	The aim of the present work is to develop the catalysts containing mixed oxide and mesoporous supports for the hydrogenation and reductive amination of phenol to cyclohexanone and aniline. Characterization of these catalysts by various methods is to understand the structure of active surface palladium species and its relation to catalytic properties. The objective of the present thesis work is: (i) to determine the dispersion of palladium on various supports by CO chemisorption method (ii) to understand the effect of support on the dispersion on various supports (iii) to study the surface structure of palladium species (iv) to estimate the types of palladium species on the support (v) to find out the reducibility of the palladium oxide (vi) to estimate the basic properties of various catalysts and change of basic presence of palladium (vii) to optimize the composition of the palladium on various supports (viii) to understand the mechanism of the reaction (ix) to correlate the dispersion of palladium to catalytic functionality of various catalysts (x) to determine the structure-activity relationship.

Potential uses of cyclohexanone and aniline
	The hydrogenation of phenol is significant both from commercial viewpoint to synthesis cyclohexanone/cyclohexanol and for the destruction of a pollutant by eco-friendly process. Cyclohexanone is of commercial significance as a key raw material in the production of caprolactam for nylon 6 and adipic acid for nylon 66. Cyclohexanone is produced catalytically either by oxidation of cyclohexane or by hydrogenation of phenol. Oxidation of cyclohexane on a large scale requires high temperature and pressure. It is likely that the process will lead to other undesirable oxidation products.  In the hydrogenation of phenol, cyclohexanone can be generated in a single- or two-step process. In the latter case, phenol is first hydrogenated to cyclohexanol, and is then dehydrogenated to cyclohexanone in the second step. Replacing two-step process by a single step always advantageous, because it eliminates the cyclohexanol dehydrogenation step, which is highly endothermic and energy intensive.
Aniline and their derivatives are highly versatile building blocks for various organic substrates and are essential precursors for the synthesis of variety of biologically active compounds. Aniline and their derivatives also widely used in pharmaceutical industries for the synthesis of drugs (methylene diphenyl diisocyanate). It can also be used in the production of rubber additives, dyes and pigments etc. Methods for commercial manufacture of amines vary depending on the specific amine to be produced and on the raw materials employed. The reductive amination of phenol with ammonia and hydrogen to form aniline in a single step is an interesting route in modern organic chemistry with great synthetic potential for academia and industry point of view. In the latter case, phenol is first hydrogenated to cyclohexanol/cyclohexanone, which is then aminated to aniline. The replacement of two-step process by a single-step (phenol → aniline) reductive amination is commercially more advantageous in terms of capital costs and energy savings. Phenol on the other hand is an established environmental toxin arising from a variety of industrial sources associated with petrochemicals and polymer manufacture.

Experimental
	The ability of the support to retain surface area under severe conditions is an important factor governing catalyst systems life. Surface area, mechanical strength and pore size are an important factor that governs the texture of the solid catalyst. Magnesium oxide is a good model oxide, since it as a simple rock salt structure and inexpensive. However, this support is found to be not suitable for industrial application, which is due to MgO as a support, has poor mechanical strength. Al2O3 is the most common support; it is widely used as a support in many reactions. Because it is inexpensive, thermally stable and has wide range surface areas that are suitable for many catalytic applications. Though, alumina is also not suitable as a support material since it suffers from severe deactivation. Despite vast information available on the supported metal system, there is always a growing interest in finding new supports to disperse metals more efficiently to improve the catalytic activity and selectivity.  In this context, support plays a crucial role. Hydrotalcite based materials have attracted considerable interest in recent years for their potential use as catalyst supports. These hydrotalcites have been attracted much attention because of their use in base catalyzed reactions as catalysts or support precursors. Calcined hydrotalcite-type anionic clays are widely used in catalysis because of their high surface area, acid–base properties, and structural stability. Calcined Mg-Al hydrotalcites (CHT) have been found, after thermal treatment, to afford a homogeneous dispersion of the metal and a better resistance to sintering than the corresponding supported catalysts.
Zirconia is attracting considerable interest on account of its potential use as a catalyst support.  The application of zirconia as a catalyst support is promising and has been employed in many industrially important reactions such as hydroprocessing, oxidation of alcohols, synthesis of methanol and higher alcohols and methanation reactions.  The advantages of using zirconia as a catalyst support include the following: (i).   It interacts strongly with the active phase. (ii). It possesses high thermal stability and chemically inert than the classical oxide supports. (iii) it is the only metal oxide which may possess all four chemical properties: acidity, basicity, reducing ability and oxidizing ability. (iv) it exhibits super-acidic properties when modified with small quantities of sulfate ions. The application of zirconia as a catalysts support is promising and has been employed in many industrially important reactions. The extreme hardness and high specific mass of zirconia can also be an advantage for its potential use as a catalyst support. 
CeO2 containing materials have been the subject several investigations in recent years because of their narrow range of applications in catalysis and materials science. Despite widespread applications, the use of pure CeO2 is highly dispirited because it is poorly thermostable as it undergoes sintering at high temperatures, thereby losing its characteristics. To increase its stability, redox and catalytic properties are strongly influenced with the introduction of other transition metals. Among the various elements Zr4+ in to the ceria lattice is effective in the overall performance. Thereafter, CeO2-ZrO2 has been widely utilized for commercial catalysts, and the research on CeO2-ZrO2 catalysts has been receiving increasing attention. The advantages of CeO2-ZrO2 mixed oxide support are: (i) enhancing the redox properties, (ii) improving the supported metal dispersion, (ii) enlarging oxygen storage capacity of the catalyst and (iv) high thermal stability. To better understand the catalytic nature of supported Pd catalysts, an in-depth study of their surface chemistry would be necessary. The supported metal systems are usually characterized by several techniques to measure metal dispersion and its availability since the activity and selectivity reactions depend on them. In the present investigation we report the synthesis of ZrO2, CeO2 and CeO2-ZrO2 binary oxides (1:1wt%) by co-precipitation method using zirconium nitrate, cerium nitrate as the precursors. Palladium loaded on these supports has been prepared by impregnation method and the catalytic properties were evaluated for vapor phase hydrogenation and reductive amination of phenol to cyclohexanone and aniline. The catalytic properties were correlated with the results of characterization techniques. 
In the recent years mesoporous materials such as MCM-41 and SBA-15 supported catalysts were reported to be effective in synthesis of nanoparticles for selective hydrogenation of alkynes and alkenes, C-C bond making reactions, hydrotreating etc. Because of these materials contain a proper channel geometry combined with high surface area is the prerequisites for a catalyst to provide appropriate sites for the desired catalytic activity and selectivity and imparts necessary stability. Most of the shape selective reactions used in the industry today involve catalysts containing zeolites having pore diameters ≤ 0.8 nm. However, the usefulness of present day heterogeneous catalysts in processing high molecular weight hydrocarbons, which are of increasing importance, is limited by pore size of zeolite used and/or by the pore geometry of the metal support. The MCM-41 is a regular pore system consisting of an hexagonal array of uniformly sized, hexagonally shaped mesopores and pore diameter range between 2 and 10 nm.  Due to its high surface area and large pore volume and enhanced thermal stability, MCM-41 has been found to be a suitable model substance for the adsorption of various gases and dispersion of active components. SBA-15 is a uniform hexagonal channels ranging from 5 to 30 nm and having a very narrow pore size distribution. It is a promising new support material for catalysts as its thick framework walls (3.1- 6.4 nm) provide high hydrothermal stability when compared to thinner-walled MCM-41 materials. In addition, its large internal surface area allows for the dispersion of a large number of catalytically active centers. In the present investigation SiO2 (Akzo product, grade Si 4-5P) and pure siliceous mesoporous supports like MCM-41 and SBA-15 were synthesized by hydrothermal method. For the MCM-41 the source of silicon was tetraethyl orthosilicate and the structure-directing agent was cetyltrimethylammonium bromide in high basic medium. For the SBA-15 the source of silicon was tetraethyl orthosilicate and block copolymer of poly – ethyleneglycol – block – poly-propyleneglycol – block - poly-ethyleneglycol (P123, average molecular mass - 5800) as a template in acidic medium. It has been observed that the deposition of palladium on MCM-41 and SBA-15 can lead to improved catalytic activity in hydrogenation and reductive amination of phenol to cyclohexanone and aniline. The catalytic properties of Pd/MCM-41 and Pd/SBA-15 catalysts were correlated with the characterization techniques employed in the present study.
Metals supported on activated carbon have been widely used in the synthesis of specialty chemicals and chemical intermediates. Activated carbons are stable in both acidic and basic media, which is not true for conventional catalyst supports such as alumina or silica. Activated carbons are inert has a turbostratic graphite structure and is characterized for its high surface area and a well-developed porosity, mainly in the micropore range. Activated carbons are inert, relatively inexpensive, possess a high surface area and the surface defects, which allow easy recovery of metal component from the spent catalyst and exemplify low deactivation. The carbon part of the spent catalyst can be burnt off and leading to highly concentrated ash that permits the precious metal recovery. This technology is also very effective from an ecological point of view, as it does not produce large amount of solid wastes that needed to be land filled. The salient properties like being inert, less expensive, high surface area, easy recovery of metal component from the used catalysts and high resistivity towards deactivation makes it more versatile. In the present investigation we report palladium supported on activated carbon have been prepared by impregnation method and the catalytic properties were evaluated for vapor phase hydrogenation and reductive amination of phenol to cyclohexanone and aniline. The catalytic properties were correlated with the results of characterization techniques. 
A fundamental understanding of the structure-activity relationships observed in the heterogeneous catalytic hydrogenation and reductive amination are of basic importance for the development of new catalytic materials and for improving the performance of existing catalysts. Characterization of the catalysts plays a very important role to find out the physico-chemical properties of the catalysts. The study of determining the dispersion of the active phase in supported Pd catalysts is an interesting topic of research in recent years for understanding the role of active phase on the catalytic properties during the reaction. For this pulse CO chemisorption method was studied to find the active phase dispersion in supported palladium catalysts. TPR has been 
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employed in order to find out the reducibility of palladium species and the interaction between the palladium and the support. Other characterization techniques like N2 adsorption-desorption method for the determination of BET surface area, pore size, pore volume and XRD to find out the various crystallographic phases of support and PdO were used for the characterization. The XPS and UV- DRS were also used to find out the various types of the palladium species and the dispersion palladium present in the catalytic system. The catalysts were studied for their basic properties, measured from the temperature programmed desorption of CO2. The catalysts were evaluated for the hydrogenation and reductive amination of phenol to cyclohexanone and aniline.

Organization of the thesis
	The thesis has been divided into four chapters on the basis of the introduction, experimental, the results and discussion and conclusions of the catalytic systems employed in the present study.

Chapter I deals with the general introduction about supported palladium catalysts and thorough literature survey of these catalysts concerning their catalytic properties and the structural information, importance of products and mechanism of hydrogenation and reductive amination of phenol.

Chapter II describes experimental approach viz., the synthesis of various supports, preparation of supported catalysts and use of various techniques like X-ray diffraction (XRD), BET surface area, pore size distribution measurements (PSD) transmission electron microscopy (TEM), CO chemisorption, UV-Visible diffused reflectance spectroscopy (UV-DRS), Electron spectroscopy for chemical analysis (ESCA), temperature-programmed reduction (TPR), temperature-programmed desorption (TPD) of CO2 for surface characterization of catalysts. The dispersion of palladium is determined by pulse CO chemisorption method.  A down flow fixed bed reactor made of pyrex glass was used to test the catalysts in the hydrogenation and reductive amination of phenol.  

Chapter III is divided into four sections as shown in the schematic presentation of the thesis.

Section A describes about the characterization and catalytic properties of Pd supported on MgO, γ-Al2O3 and calcined Mg-Al hydrotalcite (CHT) catalysts. This chapter exhibited the effect of palladium on high basic nature of supports for the catalytic activity. The catalysts were prepared by wet impregnation method. The catalysts were characterized by XRD, TEM, UV-DRS, XPS, TPR, BET surface area and pore size distribution measurements. The metal areas and dispersion of Pd were calculated from the pulse CO chemisorption method. The acid-base properties of the catalysts determined by the temperature programmed desorption of CO2. The catalysts were evaluated for the hydrogenation and reductive amination of phenol and were correlated with the structural properties (dispersion) and basic properties the catalysts. The structure-activity relationship also described for the hydrogenation and reductive amination reactions as function of palladium loading. 

Section B deals with Pd catalysts supported on ZrO2, CeO2, and CeO2-ZrO2. The catalysts were prepared by wet impregnation method. The catalysts were characterized by the XRD, TEM, BET surface area, pore size distribution measurements, UV-DRS, ESCA, TPR, and basic properties. The metal area and dispersion were measured from the pulse CO chemisorption study. The catalysts were evaluated for the hydrogenation and reductive amination of phenol and were correlated with the structural properties (dispersion) and basic properties the catalysts. The structure-activity relationship also described for the hydrogenation and reductive amination reactions.

Section C describes the preparation and characterization of Pd/SiO2, Pd/MCM-41 and Pd/SBA-15 catalysts.  The catalysts were characterized by XRD, TEM, BET surface area, pore size distribution measurements, UV-Vis DRS, XPS, TPR, TPD of CO2. The metal area and dispersion were calculated from the pulse CO chemisorption method. The catalysts were evaluated for the hydrogenation and reductive amination of phenol and were correlated with the structural properties (dispersion) and basic properties the catalysts. The structure-activity relationship also described for the hydrogenation and reductive amination reactions.

Section D deals with the physico-chemical characterization of palladium catalysts supported on activated carbon. Palladium catalysts supported on activated carbon were characterized by various techniques like XRD, TEM, BET surface area, pore size distribution measurements, XPS, TPR and TPD. The metal areas and dispersion were calculated from the pulse CO chemisorption method. The catalysts were evaluated for phenol hydrogenation and reductive amination and were correlated with characterization data.

Chapter IV represents the summary of the work reported in this thesis and the most important conclusions drawn from the present work.
The following important conclusions were drawn from the present work:
	The physico-chemical characteristics determined by employing various spectroscopic and adsorption methods clearly exhibit the interaction between the active phase and support.
	Pore size distribution measurements of various catalysts are found to be in accordance with BET surface area and XRD results.
	CO chemisorption at room temperature on the samples prereduced provides a better method for determining the palladium dispersion in supported catalysts for the supports like MgO, γ-Al2O3, CHT, ZrO2, CeO2-ZrO2, CeO2, SiO2, MCM-41, SBA-15 and activated carbon
	The dispersion and metal area of palladium on support depend on the nature of the support. From the CO chemisorption results it can be concluded that the palladium dispersion decreases in the order: ZrO2 > CeO2-ZrO2 > CeO2 > CHT > activated carbon > SBA-15 > MCM-41 > Al2O3 > MgO > SiO2
	The TEM results are in good agreement with the dispersion of Pd determined by the CO chemisorption method. 
	UV-DRS, XPS and TPR results of the catalysts revealed the presence of two types of palladium species on various supports i.e., one is dispersed palladium species and another one is bulk palladium. 
	The XPS results reveals the binding energy decreases as a function of palladium loading, which is due to smaller Pd particles strongly interact with the support and formed Pdδ+ electron deficient species exhibite higher binding energy.
	The results of X-ray photoelectron spectroscopy and CO chemisorption results of the catalysts are in good agreement with each other.
	TPR results suggest that the reducibility of palladium oxide supported on various supports is different from that of bulk palladium oxide. The reducibility of palladium oxide depends on the nature of support and the interaction between support and palladium oxide. With increase of palladium loading the reducibility of palladium oxide increases on the supports.
	The basicity was found to increases with the increase of Pd loading up to coverage of support and decreases at higher Pd loadings. These findings are in good agreement with the catalytic properties.
	The optimization of palladium composition (loading) 2 – 4 wt% on different supports for the phenol hydrogenation and reductive amination activity.
	Hydrogenation of phenol activity follow the trend: Pd/ZrO2 > Pd/CeO2-ZrO2 > Pd/CeO2 ~ Pd/activated carbon ~ Pd/HT > Pd/Al2O3 > Pd/MCM-41 > Pd/SBA-15 > Pd/MgO > Pd/SiO2. 
	Reductive amination of phenol activity follow the trend: Pd/ZrO2 > Pd/CeO2-ZrO2 > Pd/HT > Pd/CeO2 > Pd/activated carbon > Pd/Al2O3 > Pd/SBA-15 > Pd/MgO > Pd/MCM-41 > Pd/SiO2. 
	It is possible to determine the TOF (turn over frequency) of phenol conversion on each supported palladium system on the basis of CO chemisorption results.
	The structure-activity relationship observed for the phenol hydrogenation and reductive amination activity on supported palladium catalysts. 
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